


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1986-12 


Particle sizing in a solid propellant rocket 
motor using a light scattering technique 


Keith, Michael G. 


http://ndl.handle.net/10945/22024 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 





































































































































































































































































































































yee Tp peor 
» Das bate Baas age mheOchimre Arerrerrone: 
aes asta Ratamatiee ln 
ety peop eaeelriet bh A Mien prance ov anew 90 
aT Tye. ~) =e be eo ey we of trae ee Oe aw ay Rrmente 
bem a achee Owe 4% Or Pr er@rar Or eR ee 00 ove 
Masstih teeth cetera cs tre warbtere a ae we eet f SC retestterannca es croc 
rt doer 1h esere Wer dims: a Os ts or arte or eras ee © ees , 
*he Sow we er b'eree We ey we om ee 90 ae ane 8 ante 1M sh 9-8, © aan on wenn, 
oe 9 ay (peta hanna a . ee es 
at a cr rey aos So aE Ti oar Sree: ee a, nr ges Meme ato me 6: eaehe he - 
“ew Se he ed py as 6 a8 Sait OER, Wear yare agar eke $k BI BOO e 00 & Ae Ode ges » siwes & ath Bere omega t 2a 8 etme 
teh a aS A el Re bh fe ie de #2 ok. be oe SA) me eebhenr s, Br 88 Wile er ee & o © ma aly Ay thy hax mate Bebe: cil A, Snail Pee =e De Bren 
~. o_O ee ik qgyae ie 2 2.8 ala'e oe yl eeteie os, aa ear ee traghe >, pone SF 0 Was ltey rat oiten * Ae a Od bo Oe ore eek | 
i ; i 5 ‘ - - a 4 . ere Mowe ee 
Seay pak a alae o, Mar ate grate ARR Be RN ky te POs pF Te RTD eae Malet wir isae vere OW A Braves Or 0+ A Or Bate ares Alay bed cere ime ee fen 
* Qh Due 1. s rey Dar peAcapige Yao ‘ft ts etem Ve ye-eaw a onthe at ‘Pace eee a oe rho He OF hy 0. tc Meh ea ew | 
- - fe wt thes | Cre Las Whee ks aft ise cy) pea e areas ame a mrere & he abs ieee , 0% 2G esbme age ee peartiny=h fn 
LMG aco re ead Ve)! = ¥ parne rae as ob 8 at te aay tee. A O14, own eh") Are. 0:65 0¢@ & re heh te ets Dees pellet ociphreremrertet 
LP erin gl A Lia = ov Nc Pe, Fed -een + oa giveasy "9 "MAW A A.y yg, Pager he % Qi time 1h Gta Ms tee 4 4 RA Re tee 9 Ore Me Wy Octo 2596 at Raton me Oy Pl Fam 
a Fy : err i ha's rj 7 ver -} Cina? wake sare rgar ne eh: wel Mies wens peeves 9 Be By 08 Ret es ter sare lara’. : Sag are ge meer my 
SAS sn ng 6 cya) ie ee 2 4 tan OMet.s n*~ aks rae & 2 Ar0 Brana Hh my Weave Ser y Rate ihe bier oem Maw, am eg eta teh. 8747040, Make paper era 
, pee 4 4 a 2 be } shy ee A Ante 2 Abt Sure va eth t Ibhula See "e Ser ararscitere PON! Os Bs ge Ac oe 14s DPR Ge Bs a ft, by +B Bee: 1 Rg Or Oe eA Ry ed eke 
! . L aes Cae S a ba oe © Vasa d re valet a, is hemes ety alt Ce ae te *Atet he & #8: by Aide sey ean O Briaele- ay Bs ore or Ore eta! 
‘es oof =r *, s 4 A "hee Gy & Leow? Aon we Saw whine ata Wa 8, yey O60; de Bi» TP GOR are Pe ho oe amy a3 be eter soaey Morwaqcacanne 0 Rome wee Dee om ie 
3 et ae ‘ue “a & "£.) 18 "ae 9 CLsreea LA MO bra tea FOt cae sores 4 Boe WU ab: £4. te 1m ares OQ Oe. deas >» Dferare © Ay nh Be OH Of fae te Be Qn Gr M4a 
e's. ' aa ’ ' if aa et Ra | Leeree . err ey Aa o . atlere are vey 1p er ae = Leasery, & Br @ 1g Pl ne Cy Baye Bete. 
~ 4 . : > d ’ mies pe “2h 87h Oe a ue atte by 2 UVa are weemees me ane O4 Otie OP Oe Ot et ee 
t ‘ ® : pe att ee pe ar eh Oth aie eyes Mise, sku® Re 8 #tmse 8: efarnrese® peteirenkoen ea 
S : A ‘i » t 18 at ty * OFA org LA rj 198 toh + MAB eay a alerem “a eae teens ee 
. : 5 Rote ; ‘ ‘ a we rs —e er ere 
tae eal ve nA ad bag) ROS ia Curd SS. r tease wave aceneeeaoee Gras 
° a . se "9 t a Py Gree ‘, th's 7 Fm as ee +R ergs 3 oe 
a Fp Meany a ae e°y $2548 Sel palm Be Mt o> Of Rene he ve-e e merece Me ertom we 
a i re et ' ro areal day See Bs @e-oERS es to» we seonets 
2 A F ’ ‘ on | 4 le oy rT) , Pty a % hegtal uty ? , ’ AAP e bray Wuers > Ree acm me come 
’ ' , 4 ’ trey U2 eta gy Ware Dy ¥ Pi Og: eter or ecare Qo Orden or 
t ; 2 ' Re uf $y ‘ re: tae lew oP. As ves iy ea vy Oty #14; atet bree hebet Peo mptcenc as reo rns ee 
, ae : oan et 9 es a. A Isc oe gr aks : amsQiaeanal } : 0944 0-% Oe rte b oar ya we De Or Be Oran Be ater © Oe Qtaees be pa 
~% ' ; ’ a Lae ian) ak, ay aad ee th (aap Mee warn y “afore bho * > pres ere @ mea eee o1m arm be Oe MA ar te He e 
ances > , A aan ; “ Pentre fatgtcs fae at aitdes ue we Ree ire. sae : Va areca ve Weta & > © * weve & aiadarae: Peper ar OF Oy Ort Octane 
* “a ers ee “af t . I a n xR * 45 ao 0 7 UR dire e are mo > OPA Rare Mime & yee iit a aed we WR Sorne owe mhee. 2 3% 
; > \ » : ar Ne . pairs Se ‘ 4),* rad eb 4 Wwirels tae 12 ame Oey arene Att bachep bah foetind Om Or het be aerag de ti tere ATOR RCRA ey Cet Lelie 
oUF * ce D ru» 1 a the 9 a dt sgn CODED APR eaay  CUrCare rot ie Hd AW Ae Die walags rage eer wage 9 oe edad fa, Arocarer= lala Dede ley ar zac tog. wy 00 Oe Wes eee 
: : Mt Ry He? Ee os ye wee eee hea pay vt: are pest eee tee es a? 878 wien Ye: 4h hts Par eros wa mare be hgdr ates Led behead servreute rf Bs are ciiecsoreelttadice een 
ry ah Seel- ay aie utarane 4 % 8 ap a'g oP DFaey a Phe he wp Pp fie mBAof Geng Cha ere va» Beene vr. © Be.9 aeyeacecas % atords Deg Rseie, Why Acesh, by ise delat std ~ eae hoy Pregetonnne RIP Bot: ° 
Es 3 3 3 i eR My PA ws ae Dey ane PUSS $5 Seat myn ork he © OM GE og 8008-9 BONN be bk os & Yet srare oo Biase args we oe Or eam 810s OM Be mc Whe tee 
a t pes } 5 Boy Tea mite AARP MA we Roth po wa Mae BUTE " * PHOMA Be Qa 9g wa tah 0 ; sadgtar ye = ; oprert ro @: Oe Hy : hee ereye Ath. etre: War PS 8-O6-— Orhe oro ae SG tg mat DeBary 
. ' ry A i | $4 ‘ ay ¥ EMT Ag 6 5 fage 8 tag reOie orace ib omega. referer ny ° ARS Oe ade te Oe Dae’ hs faeces ae OD & ee he Woe he tee ? 
* 5 ’ 4 wa ¥ ! Pe : ee war} 4 1 SMO 2.) ieee wage 1S wered Tiim@te 0 = mattay & OL ales 30% Rati gas SMCS om, Shed) OAM ne iy 6 athe Peter 
' ia ee ee “guage vue g rho A Sap oP theta’ ear atay efaghis, tags A pees ‘Voesemtus Hot od b are Sint ley eae Wee : arms s otned, 
A 4 apy = -)", , . afr e iF a,, % morte “yaniy di ‘A wa-g ala Mah dee Nef ne vee a ne Parrryy veers An'e be geee ‘yosechee Pay pi ph! eevee 4 emeee Pere 
Ces . ® ' te yA alt ea TK” b Diam Mheh Ab B® DL OrAt Ass ‘ AA aay 81 Rew woe O OM Orusare an eter '% Shovepeie-% Sy . bea : 
ar nee . oh _ fe. 3 430 DOE dce Oe Bere PY heir ase Poe sat aca eh 88 are ESA tA bred’ ined aly or Segue Ash =a-hp sade atay eousegecse vp lh et 
ros i ‘ rear: "eau? pry , Lun, ae e Ue Cet Faves yy Afeea ® ¢ Psm pres pvare MANOS OF ores & Ye Ashey Bi gs Mt, % Me, ey Hedy Ceol ede AS ese. Na By Ales & Predera: = Does 
oe et | be Ar te ads “Swi Ate a ah Cass " cles gre of Ae are t $C ores Oe beh a be 2:9 97 OF 8 4p oe =: atemtee Orava a aces. © 9-0 Cy ale otter Ye ‘ord Btisgely ipa 
; " CO * RS a> ee cr ae NH he ¥ 1) > aree Meats, Saver Oia: PE ES AC Toe hing mee "giao. §-> {& & var & aderedas bephagt ark faba te Riereomar gore © 
cai . ° ie | - anh pn "a4 0 af, & "3 ‘a. »e Pissed at one os aerate Ls amo Are 4 »% af ae eer rer) pode Oe a OF te Dr enmetear™,o RO entaces api why Rae ere ar a CY oye 
r 9 z a | ay an a tt Vaal @ a a coe, Se tArhee aT bNs O68 ; a ie hs nie Sas bee ap 8e* ary teed ET rier © the ee 0 & ase Lerares erate de naa 
f : F sri ae . ate ey » tO 8 fe, Sees 549 PSite §@ 409 3a/se ow ore OR Ore es, ; colon! Show ta, 
2 ae fey aan thnk? M7 es COV FE Paert a. Heard 8 axt:ase ils Nats cons $8 WR Aris AP alte rare Mer WN y Vitteone + maha Mele ty yerere Ree: Bi my he cite ts ia Sie 
* thee pas A ‘ Sp Asalyre "grades wae | a OES Agte md a We See ore: 29g 29s & 28 8 mar ng | “ty Em ete ry. at > bf ast: Wh ae ma “enon ve 
' : “ye fave 4 8 2's SY “OS 494 re Py tgem § yal tarr 4fhe ewe eG 4 892 bok, SoG se | 3os 249 Ge eres we Ads te pee WO ae Re 
. + ; ‘ % ze 2 ey “bs eter Fat y enae Lar rth bere me slay 189m we Rew aw ere tents 
, ee CAEN EY Siete y, es ah US Rat se Atay St a ralysedtaieaestenhceey Sa a pera oJasneaenes 
* “ee a a he 9 ? Ne ela bg 4 § Pores 1 > te Parti wee bir Pate try ween ONS Dyer or ty ox se ae t eR Op fot by Sh 
= ' io Me . 4 ry aig. ‘ 9% @ tre. 2a 8 tea, A A a Mte La & shoe 
‘ * ’ euh a. Ag See ge rekon He ber iNfuor hie eh a Wa'gese aby ateca sgt et ee ce to Coke t ir om Afae di mia 1 wwe 
: : 4 ay . f Reo od Felaase « ots oA ves ve Oo gftok the ty apa Slew 8f & ay oe fora ela ts met w mi 
. 8 : . ' , "2 ey} ea ee vipat ge We ‘rw eke a eee | A there 88H 8A YF BEY 'Pemre aa, 12 resm 
e 1 af var iy ean ¢'3 A070 Ue 2 , ‘oe t ane 54 8 Asa aia % Gee om eee * AS ee ay 0 & x 
\: ' P a Tol wee a co a ; TAL Me APO ek TL er Pe esta 8 ia rae AsArge p S989! FAVA any, Sd Asay 
a. a wv » Raee, i s oh Via ed 2 he be po RaGy eae § SMS & owWe.y ae: ae WN aterena, Req ger e9 aden e 8 ey - i 
ne ll a. = a ' . ak yn B. ; oye rN es yay A) FAT Whee Shatin aise ee lio! ~ thas Park A ae af Bhutan tee re sara ved aw 
4 = 4 At” 68 Ss ue’ se % ra} ‘ Va h gas Fh & 8% oD & hhe Ped arm 9. fend 4, “sterae ae "d & we Aves: arg My aE iat 
oi 4 4 - Le * & wea an Wa-dingg alean ayy 2 i para ak, sere pn Ored "© Bf ees Si Val ® BY, tre oy Shp ad or on 
’ & *s4n. reptin 6 ree Enh ou STG ion vy wre foe ay 41 ede y Me "3 Hew ine . are 2. Orme Rene ere 
a 2 ‘ & 4 Ee * fe $22 aves oe $2 “. ‘bia eee | “ aes ¢ “ meee e8 Ess Ve vez O93 © rie & Oe we Bes has Ser 
Z er a : n % 5 hoes & , 7 ta Stn, & dbrocgre afnss Use, ae eb wrvaras wikia: 99h 54 bab Sores 52> ®, rye beh Doh teats te & 
. x a 2 $ 8 Bae va Pa oo or Whe Put, RR ies 17 cg por ady "ace aap iniod + ee ee ee Uh watahas ots hse den py #15 & a 
Con he : hs ‘ & o ¥" Ar & maser 3 ~ »* 7 Te er Paice . M > er. wieme ?, Ree % 
i i ‘ ¢ Reng } SA ag ge rt aes we: RA So ie'oo my hee ay arate ae See Soh so pee are te : = Stele coos 
eg 2 coe 4 ' ; . 
co . bs a Pe % 4a av ate me os) - \ gehen es Fetes, ‘ AA tea 7b im per | Tethes Ste rs ai pote Pat te fie a ee sin ees @) aratern ines ca bites ee oa ‘ 
‘ weeearh. A aa % yell ye Faty ‘ — fr 3mm ote ue wah wivaty a Auer Pepss Patimte ai ieee fv Saker tel y Rash se SSaree peers poseaes ny bere Seow arn peor 
be » ete 1 tg “4 > ty y > wePavigg “ea ea Woy 2 aad feat ants? ‘AAT AR at wee U ee wwe Rie7 tte a Te at fins fe ¢ odes wm eR! S# sm Oe Bate Dy te Dete 
ya +h di ai g ete Fe LS $4 tus Sete (a ane we 4h '¢ ‘ faa y's. Bo Peas gen Bieemrge y @ eee km » * a ay 8+ om a ie Ferweh rim b ies 
r i os Rarer Pay Fee be i at wee & WANe Of Ge 2h aafelnis. Str fa ge an ue z. US Yyure 44; afn't & Pe wales : Sehqn's +e ndeo th. ow Oi wer eeng enme ov Ba hacky 
a br, * val, Vl we > * oe he a AMT Sh oar “s ren gue TEE O AS seme ada, bn ii ee 16 eh 4 [oe 6 aeate ey eae te 9 3 Hm ms. 
2 : > oe nes We nile eee io eh. oe suintae tS, sites pas an Pa ak la 8 yy Wigan Sia hala ants pe for 9fs ears een Raepetyioty 
. am one = 4 ies 4? ee * - Fea te hee. ’ a ik ig te a ? Se GX» ed q re al ‘ As SIs tay Achy 9-day M Drew ee ore vend @ fare lore ; ‘ lan ace 
las ; a a? » ' a. J ofa, aA Jip Marl iso = ae. Wt AM ~ fm ee Pa Ne Os icine ale av; 40¢ he A, oe he 
oa «3 ru Fi a3 \» te Niet are! f% pad ow hey Wh h.® sa mn oe ‘. a ee eee « BER hy Wee yes Cees Pe 65 / incon Riwlearages age Feet. tae & O25 mam, 
> 4 F Bs igy “yy a ta | atl ay ti eka aye visage La > waleze re lad pi niavas whee Waray hie 5 tom aes ease tart are EVO Washes pire Rp AR Rye ows Or Semele om Peel Seem 
) “% Gre rang , t rh me T yea}, 4 4 Wefads a ate i qe Star -are af atad ss > . 2 hey Reggasesice mat Oman cde Toe Oto seal , dn tr Bey wee oe aie we WL Aptemtes cr 2s 
* } 5 5 vf 4 “ie cat % A fe 32 Pe era w, eNengan ce Biate ‘ yy tn tt “ale g Were . Mar agh Jes ato @, dA HOee ee iuaqe of alate re! One hmm tats Sandy Sr Gyede wert 
? A vets a) ecu eK cf Diites yf) tat eee os giafathee way ate y af eine yea bead Sieraces Byes tN Ot ty aree (agar Alektra ara gs alee =e; er8 Ft oe Far beets Sipe: ars 5 Oe Werte 
° ‘ yy ae 8 % on ue? em etuce «, 9. mtr paie gs far ten Qt gg far’, ase ost oFUpy Ape. i Aw Ate ats YAR a, Lean haga an Nae we 4 SREr oe Oi my - cy igo ee a bp 
’ ‘ “ ; 2 ¢ does apy Rese % ofa sé ERED yee Baye um B, VULreast SU Te pabedss, Ar Womens = © eee 
’ : 7 Ms  , aos etyraae aus 1V2e 5 9 nfo n't ve “mater c% Tare lnra, + tu OO Fase besthe ae — 
sf Og ry OP ae FP 05" pica Littl sles TO cram god © Ay “yng gras suas 14! antares ral teen Bev ivbeng nee oh racer 64 o a ase Nat ea . ae ARS 
. 4 7 ne fy "aleta FG TE eee fF 4 ae “sat , Qh  adare % Snials lagen “See's wafee et Se dicate) PAS te: se. « iy erm ® “fe PAs entey -~* a= 
} * P . LU : | fala } Cape bar ae a. * At) iheee ¥ - ‘ea ig Be way A Sy ~~ eaehe caniel 2ter hy aa setered eh sone . wets no @. baka asap a tesetie fps 14 Pyies a ye 
7 ‘ a . h ah %, © Ng ote see ® MY ak Ue By pos a3 = fe 40 hee: eye at fared . We rer 8S RN es re fare af ens So acnclksucee Fare oe we ~ Ee & Qzelnnn, “SS a4: a 
: " esi pam . | CS % Aaa $f oe SS ee ps | MS “ay ust nea. eee DAS hperaee a S319 bsi Merny, sy Spas aa os oe te eter) arene — + =~ Yarn nerty > =~ 
h ety & v¥ Saas : "y "ale 6% °°9 ee We 8 38 Tarary P Nt ue wie Vag, y Men diaries ky Wyo Sy oh nee Sade: td Ge J Aq metre we ak Ste | As 2 «0m & ohn Ores 
' ‘ 7 ohigt Fy. i Ves che Niu es ec a ‘ 4 DEN 81 819 om fo WF Rie AR de lave mye 1) Rfermserge mr eehe ig pad seen 
. “he et ‘ be Lah re ‘ss ror ee! Sena ee hig 4 EEN “AD ; + M47 Py re ey Fas wae FM whoa, Werge NF. bop eh Dre he ear ee oe 
, > i a | wa . ‘ ! #19 a H " . oe - age 8 ars } a BArh hee A “as LH A au fey te ry Ap rts by, ae a - ay oe baled wae sy 7 bh Be fet, me tm Ree, we = 
3 ; " > : 4, > wen py 49 "2 evans Urine Ure Sy ys. nt ated ; phates Sigumem ite om we bb ks vagy ene h. Oy pe irted Bei ne a4 ps1 SY¥zr ae ES 
= \ x “tne bs 2 mag 2 ue 8g . a tate of af 27 he ach mopta me Ease vate ce dy teas we Be 2 1 ema pe a AtEN Spee ¥ he are wire ayates je « eA R, ri = me Ame Me, = 
cy srs y “ng. cate 25 es ee oe oO wes Ade, pe ber’ el Peas ‘ 2? $9F% wy Sh erkis Mctagy gE pay yee or me rh dal es Cay Nef (ces & a as eX  £ he Yash) Sth a ay ew patie fils, 
; ees AE eg se se Pa RC Ce i Cae : Pepe eee ae re es OS Ne NR en Sous a 
: X» . hs ‘ LI a « a le . Fute t af = * M 35 SYR bee BF eA Y 7 "ria } a Se Ft ed “ys Sreances f we wa siiie re Ps eee Varnes. ‘eehe moe fe Thang? 5 
: _ a ee es ‘ ae so y’oh that >), Be ae eB? EE 28 ils sys ns “ye . ee 
. 4 > " e er 6 . i : aa! ate , af ty $3 i, ve - a ae’ us 1s ‘ é te § e; Pert & et Ree Pe be nd So. ergs OOS ey ais ete Se ea - 
P 4 4 - a? a 4 3 Ae os age, 4 . YP 3 Oe. ts . > sree BND ? #7 te rerne ine Oe As ee S phe ayes, itt Bog. 
: ; » SLA t A ’ x bg sac ™ , Ure ey 3 VN I4FOG Ns ste St tr 8) ae Saegie bengal een ory ri es el eat we pes 45 = ¥e 
' 8 _~ fos » we $ S32" iy Qiaregas 4 BT es wy he bans >, 3 . ew ee we SEA oe 
“ell ‘ ue 77, . 7 d 4 ae CRAY a 3 b yates ¥ 1a Rien wh Tue ss> “> wig en & wikis ADDO me 
- . a Arae Pd ° ‘et agd Sarees BA , > ; . e *, eres) Similar conde 4) “or ys utees rae eae rs & Sey te oe 
é sp? & 5 7 7.2 ms be arery fheece carat y -% Base $33 es bd {ae a * ayn te 
rn a ef a n'y y* Sp a" 1" : im esata ome, FES Be hypeshrn. a » “ee 05 %- Me Bone ws a? Bur “ge 
: : b ” . cguate? ‘ ¥, ; ae : ¥ AG wieeatle we arsed: SNS CORES Veet ake S sty a-s ey sy 2 
» eee a a Mace Ah pe airy ype FESR RS teeter SORA eae 
' Q 4 i F "| ; a) tons 233 > ate } oe Wy 96 oe fabs Faden  ufavesac. bel held: a Sea oP ki ek esae War ™ 
¥* : ; Pests a 3° em SP PE tet Pet ie say Rivet eas Soe -to tee Lage; eanry! Poe e Suhe ¥ ~—Ne < 
' * ts ie > iy ; we .* - ee 2 % i tt . ? SO AL heh Sag fe Breas gey Bi bree Fae, Pitas £5. Pore 4 
< Ai x Ve: eo ’ e yi ; ia a & nd , Wit > "aly ern MY Te EA Fm fe wo s es nee? >Re aur # 7; 
- 7 +. inet ; Ps cs ae ? a5)9 43 as : oy A ps years tp a sth y) Fonte tic wfa"— enue Pee e SRE Romer digo. a ~= se <pess 
, o 5 wz f ‘ ose a” 2 Feogie sSrta tat wh. SD a a Med sade ele? iat aateh ees a ES Ms 
’ * ET ol SES < a rr ar 8 » bale, is TyRws . wha fal aeaty te bs 2 Sei ada © fa Ware > ap eige er RS. 
F J 5% La evar eT t haan : WM er og 35.9 SO eye PAs bbe ee *-Fae'bSn. 3 0%8 Fades > 
" rt & . eas cr acer i Cat. ro mY We bod asc Sy eters ath hs oh af ter fof “ae Sais ae tie j 
, ; * Fr : / ri i HF, “4! NS eae a Bi area of yo an s: P eae 5 Mtns aay ; Paatante ae krgye 
. a i A a ¢ 7 ¥ me 
; “, oak Ie : LA ris 5 i A, ie tS a “a ow ity s Raa wipro.» Wy Sh hyeee AY 
. ' 3 ’ ; , Fa hy me : 
> Ce we . +) meat a 2° “a “y 3 tg ere i. Pass 
| . ' i a5 ThA es e ro } > ‘fh 3} ri SS,, = eae 
a ‘ Nes fe 4 ad » — - . -. Fi } r é, 39 ok 
od = aie a ie Ma 4 Md 16 Sy 4 ? a fos ge L = ® Fy ‘ , . 44 273 Ny vss 
e o = . . At “0 cee ee 5 A as ai | ‘ a s . we 2 “~ = 
oft aw A ko a yw 2 As, soak 3288 Orbits. Maeda. Shey Y 
° ae : a? eet Sha aud > oy ey Ms adnan ‘ 
. ra ! ™ si pay, " > ) er ate ‘ ket LY arabe ¥x 
> 2° y #,*% 6 * = Y 2 oF F 4s 2 t rue ; $x 5 Bp nae PE 
» ¢ . é 7 y’ = A. oe 3, fs yes r ‘ b pss gS) dy 44 of f ia 3 LAse ie , Iss , 
- 3 . ’ é be} fo. Bs ee ~ Yor rh by 9 Pt Pets P97 be ofed ya: “ ‘ : as sf 
‘ ‘ = ‘ tea are. © Mee ate E [pie tae OR ae be - ww hs ; 
F » f ' * fs 4 v7 I +, ‘steeds REL io i Ce A . ped: Sore 
eM, . re SS. aa: ns ’ Mie eee Nag, Ses ao ace A! 2 
= Nee : a! AS ; RM shit VEOnS titer Est}, ae RADI 
- ~~ S a i a ai tg eer € ay Nie XS aor oe rn SOA. ide 
oe F a a r Sg phen a " ? »? Ar ks eee tei! = Wem. Yi ‘ uf shy he oe ee te x Ae os 
e } - ; : es. pce 4. Oe oa PP RM Tse . Ve ie re 4 Sp Got i i 
7 , i Fos . ‘3 “ : ‘ad : 
a ? 7 a ¢ % K aga + ote E » S an i bp: oii 6 a . ret 3) ae ata « Aryesgrie ne 
. a 5 ai os ‘ oO ot RS ‘a ‘fag P. Saree x "eH Le Tie EAA gy .s % 6 
By e fo As ye ab ut , gi, A ceo ce eT nw eT, Sir a) in } #: AX mas? 
? } ee . oo dete pate bie Xo tn cen RVs, 7 [yLots i PR eas aren Fz, Re 
' . > my s te yf ks en ae tie fe 7,9 aes ‘re Ar ke eur 1 Pee 
5 M4 8 Ea 4 i Rat . rad PEW 4". } SE A eee: +f TARGA ef} Pia! 
¢ ~ . % siete ¥ 4 Pie Ad: fe 5% Fs, > elite ne Beiec: Arak 2 
. f sees cPi am PY AAW Ne EMR IE LER STi 
ole ‘ : meer : ee ae, ee nage he ah ee BORD ont a> & 
; > . sr ie , rae 3 : “ei, ?* : - 7 Yi ss aN Pe, i . 4 uy pA? $y 4 Be een 
tay 5 5 2 3 eee a ony e 2 4 an \ ae 7 é . Vee Seas S 
a a ao ae “Y hs R aie a ee Coes VF cee oh toon” we Seat 
1 « ee re rt 4 Py wy ‘ * | ey Ps a Bi > ie 
: e@ > a) “> lap r et ae ; ¢ are ABS 
‘i : : ioe - s yr 3b a! 5 * 
r : : : Q Fase ae “4, ot “ b sf 
Ad : Fa pe . (ches ; Rt eS z Pca 
x ‘ % < 4 gi «i¢ 
: ; Pow a faite tebe ip ef Rr -: one 
‘ or 7 = y oe 4 +m? ™~ AS, Tae J ad : ee ~e 
; Pes eal. See ae ee aerate oan are “se 
. i 742 aS rae £95 o- 5 « “a 
es 2 vi Py Me! Cray Sia : bBo: bos ee ere - pt ee & sae 
Cag am Ata, nf Rate: SP me oT Poe © 2 weed + 
Caen) Se eed ieee © apes din 
. An Sr © were 4 ft ay - aoeere 
1 pe 3 r ; ror ate 2 = Soke a mw 
; Care 7yal+ Sane i. Ales, fn a as gee wr 
7 on en he 8. Cur ae 2 gh tty oe - & arp i 
: ne Bee ae pa Be er ae a . vi 
ha re - : : t fet , 
. s r 7 : . S 
r P a ry - 25, ee as je § oer tog 
o - = te - rele 2 
bi . #, sn A biced Yaseths Se ee ee zs 
a il So On ag ae ee 
3, 4+ ots + =e = ee eae 
F oh Ea he lass eens tae ph 
j . =F pat! Gey egieg 4 
° oe 4! ‘ - - 
z © Rvegpe Fr “ Ee . 
oF Ae <2 fe "i aie. 
ae Pre Bak sce Par MP 
: facere Bee fil hd s jaeakgh 
ts SF pete eet rope Be Sue Stee Ope 
a6 . ° * _* i re >, 
: 3 cn LA eee yg aide Bie Cad tg upscale re tate ome = 
a : 42 hr pe Olees amet Me De | soe a bee eae we Se 
r 7 PF) ‘ ; hp he is t a ai ceoeeng wie SEE TERE, 
A, U 3 ip: at as vo nad 
te o% a a Fe APY SPs eat bg beta & eee Men © ~ : *: wes 
an at Lae ae! = > « tore <5 wore Pee Pp eee Perr? 
. ape, Ss Stade 2, pete peg v1 “1 te 9 Ae PRe ar et eo Se PP er ot we 
i ae St : Ss ie ae ter? = Lr Pe wry fe Seb Cia Fer hpi het JA a a oy OR POP Sy « be Pete 
hi - 7 Jy oe oe j i ae “ws "ey v2 b Core eer vet we Mats Cor owe Penner - 
17 Wd 1 CLS Fire Sy Fs oa (b AA ee : Sie Cee me wee ee Oe oe goes 
‘ 3 : te sare | 2 bee oe nm 8 w Pv bee OFF rien > of oe te ee ; re : Swe te Bt ge eet a a Berle gee: : Fi eee eae 
ee a : i ’ ho ? voee cee ny tow * Far ie ores ya 4 nek © iy a a sa z AR hes { sda ee eee fh © eta, aie oP) i Se 0 ate ee 
} ."¢ * sy one 2 og UG ae ween, F ee, oe 4 is ; o4 ere i od 4 dt ewes ware Free =« = 
‘ ) . » af 7f # tee Fine ight bea + rE "4 Rtv t0%} pee eos Sone, ¥ E teas 4 &: : ot a ‘ware «wears 2 fee re 
4 4 s rpew, ¢ ~ 3 e a! : ) pa . - ere bs wea ay ery ew ee eo 
.. ‘ * a A OF ¢ Je it ou aera’ > ) ss Cae =) 3 o.¢ ‘9 ‘ eas a, oe eye fae ae rio @ eg pay: Si OE ad wif: gh pi m Piteu dr gax ~~ epee ph net bp 
a F 28, a ° $ oe ' rer ad Cre) Are se wear sg eo fans me f. Ws : Le F eps reVrs natal gh 4 sipsiee Seats ~ a 
; ri u i . stg et De Tees tng teeta: ede al Uri? toil AAS cou zs. 8 iy hala te oe Mate ee *o Fam rey r See A pee gee eres pa Eke 
, 8 e , ° > 1 ° te oy a, . “ eh et the : awe has P) or 
4 eer ae ae a 5G - ag THe as Bs bras Hee bee ks Ty. tee as BE Eh CS ae + ety : ns eagitie we cee gle Sores repepe 
oe : i re oles tat ea wet ¢ pire pe v; 2 Ad etary abe Ms tae ees, OUR i aie ae D t Bead i bg eh ghar = Lepledagieates etiineel eign ee 
, t ‘ " io» : F ' : * Ls Oa Je ; 4 . “. rene re i : ’ ne 
° = . rf Pos Ld a ‘ Pope al oe ¢ a eines ~ ena ——. Ss “ap nar ih ee bat at “al ie pate "pes if Oleg a elia acre td saree re Ginnie, eke ap oheeld a hag 
Ls ‘ : ’ RiP ails Sale ‘> | Big Meee nae POwrr sp Sard Law e ay : w Gore . ene a oe Poe # wvole oer = ree i oer 
' ‘ ' LR ry oat e 8 ae 1S ae Te | « fey 879 Usa, } POs ew Pere Kae orale ae Paris y ieee: we <7 & ee et ee Ar we - oe 
‘ Oe ae = eee 6.6 HK Lit tin ‘ t Pe eR ls be i Ed ae Dee pe aa eVreeee 1 wih BO eng we Rd Be Gg # b: teaser &e us, § 8 Re ee Bees rer on 
. <4 Lin. sey en euaes rene r ng ee pee Fetal lie YY! Bosqots bo pelo a al Ed i a FOS yep ey! tice Lt orere oer. tek he Hey - 
3 yt 48: pf hae = aap ane gt te ‘es eee eee aes wees fae tt. Aen Ee LTE eg yr tS ee pteridine crore oes vedere 5h, lwalghe 
B er - Ca ae ’ OOM 2 cain a er ee ee G3 HF a! re ves hep ane at hee i Fee dhe wa) we Om 0 gre = LD at eo wh er Hee 
, cn ¥ a 3 , ’ ’ « ‘ & Le tere ee * ip php . a Paahe ~— Lary pep: rer #8 a 9 pw ye? 
Le i ie er ri eared as com are te Bat fone 7 pe Lg rer 65 20 PF "pee aiierrecr os > 4 Py 4 ne 1h os Rew hery & Plate deter ea pee | 
Fr re ; i % i re ” - tree 5  & os ae om pvry Le Po a ning Aas » dea HF Oe Ds 4 Kye 
s/t - é ’ ; ‘ Pig CPR Relay E Per om ry Oe A tinue O90 of Dt hl lid * 
Pay ~ PF se Caan 3 fe. a o£ ifs > sf ae « “ iv Fl Pay he a r Pr? om rs ¢ a St ey «rere gig 
0? 5 ’ e We ay as yar dee ae , Ent tA a ee PPD wi Mrpe beg a +o Bt ange ty wee Freee weer + 2 
aig ° ’ ia as eeu & ae + ¥ 5S ~2 FF 80a 7 fe tary we ve 
? ras: at ee Oe Mea Ct ae 2h tele ror Pe ated a "TAY A; set wile ia vier Bhd hy WEE si ete NE, iittala gs Bios Grace Or 6.6 o- OF) be Hew FPR wy 
e U ° ‘ ‘ a? De oa } Rae eens be ey ee 29,2 ee | ie x ore Regt be Me eee pee Cbs ir wr se) PARR de coe yt hte Oa ee wrasved Oe ee ne oe 
; ® Par ’ od f “63 ; ,es #2 _ Cr ie are vepwada Cele Hat 7 Ge SS sty ees are pore eR eis aD wr ge ip ww wee be Tad rh os Ie gt WOR ot 29; bderee CP eb PE oon, Peewee 
: ¢ fre = iam, Ln, or oe eries Tee => Gee, pfeil Uh ales et tet! Sate a oe AM 9 HY gbige 0 2 oe Hy BO a bw &: die taslil Habe ea coer Byres CoS) er ogi tbe Ilo al nn Sette d 
# . 7 ; wd Se olen Fg ee ae ra ir es » wa F".) fat ate Oy arth gy ay Pry eo tet Fae. Wee are t ww Oo yt) pe ae Sell dal oof ak a4 Pat 
ie eo. * ’ Bs ‘eter rea ’ ace a“ Nn I. Et PT Dy wea . 10°O w he 8b: ep 3 UPB, we POLO write trie oy Te? We oe we et Gt rH 39°R ap os eer te gt fr a a Re, were 
’ F a ‘ :? roan 1 pgeP ype wt fen cae 6, Cop Pe a eee ee ee a , a Sd od neg rhe ome wwbere 
“ toe: a. teat, oe % pa teed ee Art ts ar id hove ae Al eg ta retéye F ate ned eather 4 litera ote ha cere Contd eshte de td wecpice oa c goose 
, *S : *; i re | i f fas oer FH Re Ae vt 6. bi ae res ie 17 ane re ee hg Pee Pe sies ms : i o ot $7191 a8 e ve Cpt Loe an Tiphagh 
S 6 lL Te. ‘ ‘ FE <3 e re t. "ey Leo a Get of EM dal sce air las Lo Ce Ia eed tt ave paisa Canals be Yt 8 inte s rrrelar gk Pw prw a F Ve nee he Ca) 
Ao i é 2, ' a Page ss oP ya J Be “5 oe’, Ae rs ries vas . or Le Aye itkeee ure Peo ee ; eendt AD pes: ta, A reap care Pole bays arg +e eshieser 
ct 34 Gime} Le * ve fers / whee > et bt hal Ch at — errrs ‘tyre ot Se ie g ¥ ors 6 9 PA hy zy 
. : i re or} ‘ rivals + 2+ DB 'y wae a! [Arp ahs Pi eee Sa fr pene 4 ae am RETR MeN: US BSF pg oe, ++) gre e-em $ pact ons 5 
’ ° Ce ar Ui Ae ae UL FEY LE > eee lal AM ke LONE ake. "FW ie i ae verse & 2 ¥ tye, | fe ® ow ot ion be 
. ‘ Re s oo 7a ¥ > « fu lari RPG wag wha ea Pe mete Acs Rewer i eae we 4 ape no" 0 p> we PEE rhe ren ne PN ot wey 
Li foe ls a) a. otf. 7 2 vs on her ove Meeps ! J eee - eet at i gd 5° ¥ ti & rfiva onrelweaiee ately Sco ee rd 
Re i Bete shy oie wale ete et re Sinan gy otra SLI TE Oni aero eer 
A F arab iy er Pitas, de Ea ot BD de ; bi ori pie A : y 
Re EN vesicn, Eee ate. eis Soe eer de Litetecnden tere react teh ae ee? fee eeretceere ee 
. . ‘ ® ui F . ie ei ve 6 (RLY a MR bp ro a DOF gigi 5 4 ¥ fe arate DIT 2? ]O qe ” £2 gas ,  reeore oe ok of oh a we ee 
; ; > iv ass FR tare to > tiara ats Oe ele Sp ¥ Worr + Be \ (mee PG oC »} pweHyy Writes” gg 6 PP, ted Ct lea eda uF 
1 eorteo| ‘ or re Br '!P 924 ian y Bd AWE Ht "oh ef Ok SG 4a ANG HG "SPs ebre FF Pe Boeht Babe ge ory ete - ere Vvew ee we rrwwew ps 
ial ‘ Ae pba ‘ um Ph bee “# weeny bs ot ews "Fee ve leh pry + ¥¥ ws ere Pe oe neon g? ee eC eow a ee hd Lab ALdh lon orgh &\ open. 
é Le ee , Ls =eine > — +4 dF ‘ § tS ag Hy an e. Paces Po ies 1 ‘ | was ry => ~~? 
. ; fone ets i wie urcw ones Se ‘ek “saa Mee 5 acs Teer gets ere CALE Fi, to eraty ab oeavpea oes od har if ot bw! at ‘ A wriiese ta wl ee giermd se bppindashegh na w 
y rs ‘ PeLetiters Cues ae dE Tc f+ om: Legs Tri ge Boies + gaa Persie ye ¢ TOPS oy"5 wr oe "eer hea iad Ant, ¢ pbey eae rt had A sie Pataca eaer awe rite cae tewrer sare vos rer ne Se Tee RE 
:. oy *2 s 8 >a seat ee cn ra eee ‘ vam a oe o 5 ‘ we Le Apr Ape pit d oe tm Hi 4 3 Minin Bata spractrarer et ibis ariatrcnm andre icamermree iene ree 
‘ cd de, ; as ‘ , fe Pare Re 4 * ae » anne aa % aFi ae ee ie an Bw ete UP rep os Op a S09 oye e354 aha? Viet ORTOP hee 68 Hy ok ek od trrrsrcsrwy ‘Op Jape vee re ane o 
p) - ‘ t. 186 py oe ee OA vi ee ae ET “ER Miele ord Ua Peach fh ad shol IE i eetoirete ne eins at siais wea Go Plead A, et Ae HCO we He gakuen bei at OF © Owns 72 
an. ; pane po 2 ele a oe has hae ne Serer: get art A ere ret rots Sa eee On rescue. Pe PREP IO wide or ep ie 65D ge core ao cemeae ore 
ee ee es eile PT Sedat 2 ace aaa, we eet EL EN, ia W otatet ala: iatete: pica a fia tele ee teed eter EAE Ati Rael eee ae Saag 
o? F z ‘ boil cat UL rr) fe, Vw @ YEO heed oF ; o 4 tte. ae ae oo | a 9 8 ae 2D be oe sos re Tre jotta! rend c 
ae aay ve eos 1) ee a oe ih Pyar pad Lae Pe ae, a ry faa feat tale arene Bhi see i ere oreo Fee Cee NO Ce ne re 
4 ; ppp Fuss PB; 6 ertie Yorn ye 7 8 PY p Powtes Fe Te on Yom phage pa | eee A At oc al swe w ene ye aes cekeesye. » 
e 2 2 r Wer ae Fa Uren Pore 94 ra se dy ule Ieee rik all ris C7 FEET 58m » on eed 1h! WP ares von ne WF 9° 6 Begs seer rr as PPruve 
- 2 hoo a i veh Pier eee pore © oe yg anal ine yOTy TO yey FF sess Were pere MED Ten, badly Pah er ee mires, ry! Leth Piedtat Sd Perr ver ow PT 
te ‘ oars  rvsee $e OY Tee's pee - Riot toe r Ch 96 gin 8g WEIVEM Hw fn ee bhes paws vw Pr pare ere es & wryrete”: ee ot 2 ee 
. , ’ ve om A - ye 4 +> \ le i ela ok Pah Bgl ey ik ree tye $= aetgr RED, pepe ‘aren one rh ate vie wectie Te Siew wpe ee to te OG Gow O14 LADD tapi ck on Gees 
e ‘ » ¥ byes & so a @ # Fb 96 wD yh Ye ay de pot oy o rela hwy a (tor Bow ches Sot b igh Aa tfer Tre ee “w reges pi 0 CH+ 59 pres wrarurw oo 90 98 Pred Ge = 
. & @9 : ai Se i$fet Pp é ia fl Pa was ny eth the acre ? rt! SF FP wwe bi gey > seer avy dey aay: a eo Ore oer & oF ote oe ghpapeds one * pag on ’ 
i ne : ee bs ee 7 oe od Pe: 05 49 8 0 rr > -+Pute eh ee OH et ew ve ~ 
cre. * t 4 ; ea i Fos id PU sy py * {GOR ws Cer Py Fp ie iPr enews =, @% trae th POP PD 10 SRT S: OG Ae od vos Heo -% "ORG gh & we aot bk ee et denahd (Ciena = 
¥ a r bd oak os @ He yF °c m-¢ betel ve, Pe ¢é fs ee ary ceryvee _ bgt Y 4 thw alr e fs a | A teh Bo ol MI Paes é fhe he Pee - Toe Pres ae et FE Lh heh sae oo eee = 5 ee eS’ eo wv. 
» i , Wt) Miata. - Os Sy es y ¢80h, ) dae 7 Pye ‘ >» Yr Die ty as io ene OLS Oe $19" GH Gi Ge “S err Seu PRE oe we ere VRRP J, Perera ree fre eoarys go awe 8 ¥ pivot > 
* ee jee Ce rita ae Para rare Dy wy ere te > 4 ok oe a i Oe yg 397 WEED bh ge hE osinw i | aad pe RAE age bell aot oh ore’ Dive Fate moet Ray nt 8 Deine ng ere a pe 
wr) Om etc: eo .% %- peu ; ‘Ft ea, 1 be i arate Ie Fees Per ELS 90s ve ari; seal iep sens gee ve HD ao vere a Ay d oe) Purge 6 oe 62 a? es oe We Hae ave or hese ih Meh Ad oe ole 
of a ae te auf Fed? 4 ba 4 9 Le tek de ¢ rh" Re gre pe erty ee TI rp Brest: ee WEDD 4 i Fee ¢ ae ie } ube t nate «FF eepeets eww Ge ey 
» ot a ) a4 Aa i re +P Pi 9st bal ab BG sal ia ad ow ypdre ee ee awa °@ Sfe-py: Ve ey hee RF "ee vrwre 
4 ’ La 7a 0 1, .4 >» pf fe #4) 9th Doge ates Tp hes “a? ep ating Ld hk so | wee oe SCewruve 9 > we aoe 
s A 5 a ee 5 , nr ibe Ler ey oF are ee oh pet! d WH rarety Kieu noes ask : Wee Enh Ag awe pee pus oe F2 Re oo Pad ret re yn eee 
Ps r Li vs * ; rds 5 os 5 aie ene es 4 ie pe de Met Chat, ir Pry ye cup ee oe pe teae # OPH og LAA ira oem ions aliateth Udita re 
6 ‘ et see rae) #3 > a ae ¥ wa ar, +E 9 br¥i wAspege a Wweeee : On ey Bry oa wig Dees yd & Ns VEE 1A OP a a Pa ee er 
; “8 f is oy nee iy fod. Fam ie ait ere wes ae ‘Shee ar 5 Be SIP Berg MPs b Contgce HP Hn Fwrrs sete Pothole ace othe @ oe CVO grea FA son so5 g- 9S 8 E89. P pet 
. e - , > Ae 3 ‘ , erie : t, s i¢ a fgg rt SECO: a ¢ Pty rey Re era ‘fs _& eae ries i ep Pare oe os Pre Pg ok ph be po ar emsitgaee eee oe. Cat apina pes 
ag ee ie ties . ap et ate Pe Ee Trae fy ere re ioate MRA eagle elettre ya te Cpe aiid te i ate erwrrare newer s oo rao inate aware ew or 
i ; E F : ws ! : M ead ae te og * bk ele ae eee *” ereeeaes rere: Beye: 
, ee eT a? r $a pts! fis ry ie nee ; te rs oO bee ore a wh ese bee i Pemes eed re ys ere PPRENKY, «eee wep esas pramyie-e ae Pye 
# F pi Ag > oe he reer 8 ye a wr es ‘ per ' Heys pen Bid ta Pe Wo een idaho si a er ner A Gee o' h ? mgt oo we pret O Vahey 16 a ro 
o¢ aby 2 - r dy ’ Rak x “Pe ie Pop Wy tre + iv, » a vs “ae r FY Hoey giwa UA rs >fowvr aa ee ial ae | o rach sumone 4 Pose so a Lelie thay beth niga oO Pep Hy [Oe eSyprs 
r eke rt at i ; ‘ “ae =6¢3 yop ives ~oy ’ ao ¢ ee ee aA pups Pg LE F OrA cae rss fo 4S oy Sima SR INOS whe Lapel A fe: \ adsl ters oe 0 TA Tate dapge eh inf bf ates Foo Pers s 
és 7 en a rf, 174s sy} 2 ’ Fert ve aqee * pn op Ae Ay ef vet e o Ctp ee et Me IOS r BPO erhis gern id ade Pe eos Pert rtet ov ope rt mRWooe 
= i a5 ’ 5 Ore 8 8, . es ee Ps sd ok, Th PG by BP vs F te? fa Ae, Lapis TRS awgonrs eS erere-e-w 
. ° fa Na a +d > { *F PAPe A oe ee +4 war nag Ye. 0 TgeeTe eo ’ e yiire iO FR y sy ed 08 # Pw: 8 trp Ore bem. 
» 6 ‘ 4) bor pet he oy ra Pir) Fr g ¥éa » oe Hy ety bin ROL Ad Sows A Fe. 8 Bt Oe BE rh BP are 9 Crk wits Pct +s rare here 
: ae r$ 9s Py eee ees ees Phe”, "FF irs 1 rT 1 be a ahd I aA eo pet 84 Hy ia ak ls Pte ke Cox Ah A bl ba Damettete: “7 ¢ re We caw pe bro CPN Ss wre~e her 
ae , rene eae Gis. toe, oe 5 im... 9 wo eS it PP yet Be Aik se Was Faro eek Pre rer. Phe Lo: ww's. Few ¢ ; FE On vp wee — Pevreer OD BETe SMO trea cen 
Pr r\ P a Y $2 sue : Ade Rg. i pereic an ae yer Se yerieysh i ra ey NPY where gad gm Sac oo are ees ear en CO Teor 
rs AS , ’ y OF ; Pp ry: cy LP cay ie : ergs peepee? rete at Sevveels Ts fiFirore ae, Tin ale Sarat tatty crooner we) i Witte ne ? Pee ee enya 
. Le ; 3 i ui ea rahe a cat a I fe Pre Perey PAL a ol kia ak ee ete ; Wee He " o Hee 5 BWW ore 
’ ee : . +9 . , A +t a : ey gf \ ott oh 2G Pe Py Pn Corte Oy SOvIre ia py ir <e-@biew - 
9! aa eal, Co ee ee fafa th ae a Septet Rate cata ae Geena ade EI 
3 EM Lee é | i ae t 2a $oo 2 yeany: + Vitae we Rs é -9 gto: lt lle 
’ ’ ; ‘ ’ e de i PS ee ar ae Be & " ’ ee e+ Seal “Hyer ag pied oe MP ESS 89 °5 [_—- | 
é as v & bd ‘ oe 
. . i de ‘ew _ nh J mo $ ‘we 
‘ g , t aa) =f MS dog 
5 A : » Peftege é . v 
t? : vw. 
é LA te, OG) ay ll 
$ i i se 
a Y | te 4 
’ e 
LY 
. . 
¢ 
r . z 
¢ 
e 





DIDDLEY KvOx LIBRARY 
HAVAL POsTURLIUATE SCHOOL 
MONTEREY , CALIFCRNIL: 95945-6002 








NAVAL POSTGRADUATE SCHOOL 


Monterey, California 


















PARTICLE SIZING PNA SOLID PROPELLANT 
ROCKET MOTOR USING A LIGHT SCATTERING 
TECHNIQUE 


by 


Michael G. Keith 


December 1986 


Thesis Advisor: How. NEEZer 





Approved for public release; distribution is Uialeirls tee 


1234867 








REPORT DOCUMENTATION PAGE 


Ma VE2ORT SECURITY CLASSIFICATION ‘Dh RESTRICTIVE MARKINGS 
Unclassified 


2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION AVAILABILITY OF REPORT 
Approved for public release; 
2d OECLASS & CAT‘ON / DOWNGRADING SCHEDULE Gest r il omit hon Ss um | wmited 


DS FERFORMING ORGAN'ZATION REPORT WS ONBER S) S MONITORING ORGANIZATION REPORT NU'Y3ER(S) 


65 OFFICE SYMBOL Ja NAME OF MONITORING ORGANIZATION 


(if applica bie) 


6a NANTE OF PERFORMING ORGANIZATION 






Naval Postgraduate School Naval Postgraduate” School 





6 ADDRESS City State and ZiP Code) 7b ADDRESS (City, State, and ZIP Code) 


Monterey, California 93943-5000 Monterey, California 93943-5000 





Ba NAME OF FUNDING: SPONSORING Bb OFF CE SYMBOL 9 PROCUREMENT INSTRUMENT IDEM FICATION “UMBER 
H.C ORGANIZATION © ; (if applicable) 
Mir Force Rocket rEepuision 
abdratory 
H 3c ADDRESS (City State, ard ZIP Code) 10 SOURCE OF FUNDING NUMBERS 
| PROGRAM PROVEC WORK stat 
fsEdwards Air Force Base ELEMENT NO wo E04611- Be \ ACCESS ON &O 
California 93523 86-X-0008 





q tah 


| LE include Security Classification) 


BeRTICLE SIZING IN A SOLID PROPELLANT ROCKET MOTOR USING A 


LIGHT SCATTERING TECHNIQUE 
16 DATE OF REPORT (Year Month Day) ]' 
1986 December 


7 


535 Byes GF 2E°@arT 
Master's Thesis 


BaF eg TARY SOT AT ON 





- an - 
~ S = ob 
dl Nw -_& 


¥ COSA7T) COES 


18 SUBIECT "ERNS (Continue on reverse if necessary and identify By dlcck rumber) 
Serlideprouveluamt; rocket motor; light 
Scaeteneng; particle sizing 







"9 ABSTRACT (Continue on reverse if necessary and identify by block number) 


Rescaremewes ceonducte@ to ceétermine particle sizes across the nozzle 
or a small solid propellant rocket motor. Particle size was determined 
wmising lwght scattering techniques. The present optical components limit 
the lower measurable particle size to approximately three microns. 
During the investigation, spurious light was detected in the motor optical 
path. It was determined that transient pressure gradients in the motor 
during motor pressure rise resulted in deflection of the laser beam. 
Neutral burning propellant grains were shown to eliminate most of the 
@eservea GCitticuity. The use of a ring array im place of the linear 
array in the motor cavity measurement system is suggested for system 
improvement. 


3 S79 BITNOW AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 


KI LNCLASSEEOUNLMITEO (CJ SAME AS 2PT C) oTic users 


Unclassified 
c2a AE OF RESPONSIBLE SDIVIOLAL 22D TELEPRONE (Include Area Code) | 22¢ CFF CE SYMBOL 


D. * Metzer (408) 646-2980 Coce 6/7 We 


OD FORM 1473, BEN aR 82 A>-Reaiticn Tay Fe uses urtlexurausted SECURITY CLASSIFICATION OF “als OA 
Allotrperedt.ons are chosolete 
7 













Cy 
vy 


Approved for public release; distribution is unlimited 


Particle Sizgamg™in a Solid Puopel lane eeker 
Motor Using a Light Scattering Technique 


by 


Michae Ieee kk oaLen 
Lieutenant Commander, United States Navy 
B. S., United States Naval Academy, 1972 
M. S., University of West Florida, 1974 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1986 


ABSTRACT 


Research was conducted to determine particle sizes 
across the nozzle of a small solid propellant rocket motor. 
Particle size was determined using light scattering techniques. 
The present optical components limit the lower measurable 
particle size to approximately three microns. During the 
investigation, spurious light was detected in the motor 
optical path. It was determined that transient pressure 
gradients in the motor during motor pressure rise resulted 
in deflection of the laser beam. Neutral burning propellant 
grains were shown to eliminate most of the observed difficulty. 
The use of a ring array in place of the linear array in the 
motor cavity measurement system is suggested for system 


improvement. 
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tf. lNTROEUeGTEON 


This thesis was part of an ongoing investigation at the 
Naval Postgraduate School to determine particle sizes within 
the combustor and exhaust nozzle of solid propellant rocket 
motors. Several techniques are currently being used to 
obtain particle size, but primarily efforts have been directed 
toward holography and laser diffraction. Holography has 
been used to find the particle sizes as they leave the burn- 
ing surface of the propellant. Laser diffraction has proven 
to be a viable method to measure particle size just prior to 
and aft of the rocket nozzle. Data is being gathered at all 
three locations to determine the various sizes of particles 
wAiCOugGdouUs their late cycle. 

Particle size information is the most important parameter 
in accurate prediction of two phase flow losses. The particle 
Size information is extremely difficult to obtain given the 
very high temperatures within the rocket and exhaust. Two 
phase flow losses are therefore somewhat unpredictable due 
to the lack of particle size data. This prevents computer 
models for rocket combustion performance from being as 
accurate as one would like [Ref. 1]. Additionally, particle 
Size information is useful in studying combustor stability 
[Ref. 2]. The size distribution of the particles can play 
an important role in damping unwanted combustor pressure 


ese | lations - 


Various metals have long been used as fuel additives in 
solid propellant rockets to boost specific impulse. The 
most common metal used in rocket combustion is aluminum. The 
size of aluminum particles and the resulting aluminum oxide 
take on special significance with regard to two phase flow 
losses. 

The specific light scattering technique in use at the 
Naval Postgraduate School is based upon the work of Buchele 
[Ref. 3]. This method is particularly well suited for 
rockets since it 1S a non-intrusive way to measure particle 
size within the motor environment. The method is insensitive 
to the refractive index of the particles and is independent 
of concentration over a considerable range. The size measure- 
ment obtained is the volume to surface mean diameter (D5). 
The present study was limited to measuring D3, between 1-50 
microns, which favorably matches with the sizes of interest 
across the rocket nozzle for two phase flow losses. 

The purposes of this thesis were to: (1) realign all 
the optics and record a "baseline" position for the light 
scattering apparatus to include light ray tracing diagrams, 
(2) determine the cause and correct an optical noise prob- 
lem that existed in the motor laser beam path, (3) gather 
particle size data for a metallized propellant using a 
series of newly designed nozzles (The nozzles were designed 
to better simulate the flow through an actual full scale 


rocket), and (4) test a new particle injection system 


10 


designed to overcome the problems Horton [Ref. 4] had in 
getting particles to steadily drop from the head-end of the 


MOEOL. 


Jeg 


II. THEORETICAL BACKGROUND 


The complex scattering phenomena was first described by 
Mie in the form of equations involving Legendre polynomials 
and spherical Bessel functions. While these equations are 
still the most accurate way to describe scattering, investi- 
gations subsequent to Mie have found the equations to simplify 
when the scattering particle diameter is either considerably 
greater than or less than the wavelength of incident light. 
For particle diameters less than approximately 1/20th of the 
wavelength of light, the equations simplify to the Rayleigh 
approximation [Ref. 5]. For particle diameters somewhat 
greater than the wavelength of light, Fraunhofer diffraction 
dominates the scattering phenomena. 

When a beam of light passes through a dispersion of 
non-absorbing particles the light is scattered by reflection, 
refraction, and diffraction. Reflection and refraction 
account for most of the wide angle scattering, while diffrac- 
tion scattering accounts for most of the light scattered at 
small angles [Ref. 6]. The scattering at small angles takes 
place in what is called the main forward lobe. The main 
forward lobe is dominated by Fraunhofer diffraction and is 
therefore independent of the index of refraction. 

In Fraunhofer diffraction, scattering is controlled by 


the particle size (diameter). One type of diameter that can 
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be calculated from measuring scattered light in the main 
forward lobe is D.5- The value of D3, can be determined 
for a polydispersion of spherical particles to a good degree 


of accuracy for a wide range of distributions [Refs. 7 and 8]. 


D D 
= MAX 3 MAX 2 
D35 -| N.(D)D dD ‘| N(D)D dD (1) 
iy B 
N_(D) is the particle size distribution function. The 


distribution of choice used in the present study was the 
Deepen hime DI StmlbouLion Function (ULDF) for polydispersions. 
This distribution came from Mugele and Evans [Ref. 9] and 
includes the assumption that no particle exists with a 
diameter larger than approximately ten times Do5- 

The light scattering method employed herein was introduced 
by Buchele [Ref. 3]. Light scattering intensity and particle 


diameter are related through the Fraunhofer diffraction 





formula. For a monodispersion with small forward scattering 
angles: 
Z 
T(@) _ 25, (a @) (2) 


I(6) is the intensity of scattered light at a given 
angle (6). I1(0) is the intensity of scattered light at 


theta equal to zero degrees. Jy (a 8) is the first order 


ins 


Bessel function. a 1s the particle size parameter equal 
to D/X where D is particle diameter and A is the wave- 
engin om. 1 1giit. 

For a polydispersion obeying the ULDF this equation can 
be closely approximated by a Gaussian curve, when a@< 3, 


using the following expression: 


2 
= exp =) ee es, 





If the ratio of intensities at two angles is taken, the 
lower limit of particle diameter measurement is about one 
micron, on the order of the wavelength of light. The formula 


for the ratio at two angles follows: 


JE 
mee exp =(02579a7 D/ Xx NC (95 - ob | (4) 


ma 
Where I, is the intensity at 8, 


I, is the intensity at 8, 


Solving for diameter the expression becomes: 


Jolla 2 Be 
D© = -(4/0.57 )“1n(1,/1,)/ (85-07) (5) 


The upper limit on measuring D in the present apparatus 
was approximately 50 microns. This is determined by the 
increasing difficulty of measuring intensity of forward 


scattered light at angles less than one degree. 
14 


The following list summarizes the pertinent assumptions 


related to the light scattering measurements used in this 


investigation: 
(1) Non-absorbing spheres 
(2) Independence from refractive index 
fo FP raunnorer GlrLLbaction 
(4) Gaussian approximation to Fraunhofer curve 
eee Or velope:sron, Upper Limire Gistribution function 
(6) D. ine@epemeaemt OL SIZE ACISEri bution 
(7) Independent scattering 
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lil.  EXPERIMENTALVAPE AR wo 


A. ROCKET MOTOR 


The rocket motor iS pictured in Figure 93) ele Wacmene 
same motor used by Horton [Ref. 4], however, three improve- 
ments were made. First, the small window (.15" diameter) 
was converted to a large window (.3" diameter). The purpose 


of the change was to decrease window edge and aperture 
effects. Second, a nitrogen injection system was added to 
the particle feeder to overcome particle drop problems 
encountered by Horton. Third, new contoured nozzles were 
constructed to decrease shocks and flow separation in the 
nozzle exhaust, thereby more closely approximating the flow 
in an actual rocket nozzle. 

The rocket motor is shown in schematic form in Figure 
3.2. Two types of propellant were used, the first a non- 
metallized propellant, X-55, consisting of 86% ammonium 
perchlorate and 14% HTPB. The second, a metallized pro- 
pellant, UTP-19048, containing 23 ainnininee he sgn tT]m 
source for the propellant was a BKNO., 1gniter fired by 
electrically shorting an imbedded nickel filament. 

The particle feeder with the new nitrogen injection 
system 1s pictured in Figure 3.3 and shown schematically in 
Figure 3.4. The nitrogen injection tube was inserted into 


the top of the particle feeder and the flow rate was 


eG 


adjusted using a sonically choked needle valve. The mass 
flow of nitrogen represented less than 5% of the total mass 
flow through the rocket exhaust nozzle. 

The specifications for the original nozzle and the new 


contoured nozzles are listed in Table I. 


B. LIGHT SCATTERING APPARATUS 

The complete light scattering equipment with rocket in 
place is shown in Figure 3.5. The over and under arrange- 
ment of the motor and exhaust laser systems is seen in the 
photograph. The light sources used were two helium neon 
lasers. Specifications are given in Table II. 

The light scattering apparatus is depicted schematically 
in Figure 3.6. The exhaust beam was initially processed 
through a spatial filter and collimating lens. The beam 
then penetrated the exhaust. After the exhaust the main 
beam was blocked to prevent saturation of the photodiodes. 
The scattered light from the test section entered a narrow 
pass filter and fell upon the objective lens. The objective 
lens had a focal length of 50 centimeters which focused the 
scattering profile on a photodiode array. The photodiode 
array was a Reticon G-series solid state scanning device 
consisting of 1024 photodiodes on 25 micron centers. The 
overall length of the array was approximately one inch. The 
laser that penetrated the motor used an arrangement similar 


to the exhaust beam. 


LY 


Figures 3.7 through 3.10 nepreseme ene recor ecmeee seine. 
position for the light seattering =appanetus “neiuding bean 


clearances and angles measured. 


C. DATA ACQUISITION AND REDUCTION 

Data was acquired in accordance with the computer program 
by Harris [Ref. 10]. A Hewlett Packard HP9836S computer 
served as the system controller. Data was converted from 
analog to digital and stored in a HP6942A multiprogrammer. 
The computer was preprogrammed to begin taking data when the 
motor reached a given pressure, typically 180 psi. At that 
time, voltages from the scanning photodiodes were stored 
sequentially. Eight scans of the motor photodiode array 
were stored followed by four scans of the exhaust photodiode 
array. Scans were limited by the amount of available storage. 
The total time to record all 12 scans was less than one-half 
second. 

The data was reduced in accordance with the computer 
program by Rosa [Ref. 11]. The multiple photodiode scans 
were averaged and the resultant scan was plotted on a graph 
of voltage (intensity, I) versus photodiode number (or angle, 
8). This experimentally obtained curve was compared to the 


theoretical curve generated from the Gaussian approximation: 


i 


a : eee 
r, = exp (0.57 2 Dy ee) (9, 81) 
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The theoretical curve was then generated for different 
values of D35 Mieeraeulively at the computer terminal until 
the theoretical curve and experimental curve coincided. The 
i7teial values for I, and eo, were chosen from a point on 
mio eNom Imeitally Obtained profile. This curve fitting 


process determined the value of D35- 


ao 


Motor head~end 


Igniter port 


Motor windows 


Exhaust nozzle 





wea se a gth © otate etal & 


fugucems-u Photograph of Rocket Motor 
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Figure 3.3 Photograph of Particle Feeder 
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Figure 3.4 Schematic of Particle Feeder 
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Figure 3.5 Photograph of Light Scattering Apparatus 
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Figure 3.6 Schematic of Light Scattering Apparatus 
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Figure 3.7 Motor Beam Pre-Lens Schematic 
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Figure 3.8 Motor Beam Post-Lens Schematic 
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Figure 3.9 Exhaust Beam Pre-Lens Schematic 
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Figure 3.10 Exhaust Beam Post-Lens Schematic 
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Nozzle Type 


Converging 


Converging- 
Diverging 


Converging- 
Diverging 


Converging- 
Diverging 


AS let 
NOZZLE SPECIFICATIONS 


Diameter 
Throat (D.) 


(inches) 


A ES) 


154 


Be aye: 


345 


S10 


Diameter 
pcr (D.) 


(inches) 


5. 
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ay aig 
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‘\ 45° 





Throat 


Radius (r) 


(inches) 


None 
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TABLE LE 


LASER SPECIFICATIONS 


Helium-Neon Laser (Exhaust) 


Lis 


2 


oF 


Manufacturer 
Model: 

Type: 

Output Power: 
Beam Diameter: 


Beam Divergence: 


Helium-Neon Laser (Motor Cavity) 


ee 


eee 


oy 


Manufacturer: 

Model: 

Type: 

Output Power: 

Beam Diameter: 


Beam Divergence: 


onl 


Spectra-Physics 
147 

He-Ne Class IIIB 
8 mWatt 

.92 mm 


roOvment ad. 


Uni-Phase 

1305? 

He-Ne Class IIIB 
5 mWatt 

.81 mm 


be JOS mrad. 


IV. RESULTS ANDRE SCUSSION 


A. SYSTEM CALIBRATION 

The light scattering apparatus was calibrated to ensure 
that the system was accurately measuring particle size. The 
first half of the calibration consisted of beam spread tests 
in which the two light beams were checked for temperature 
and density gradient effects using a non-metallized pro- 
pellant. The second half of the calibration involved using 
the scattering apparatus to measure the diameter of particles 
in solution. The particles were of known size and were used 
to judge system accuracy. 

The intensity of a light beam will decrease and the beam 
will spread a small amount as it passes through a hot gas 
jet containing no particles. The purpose of these tests 
was to measure the severity of these effects in order to 
determine if particle scattering data would be effected. 

The beam spread test was conducted by placing neutral density 
Filters in front of the photodiode array and then raising 

the array until the beam struck near the middle. A dummy 
firing run was conducted to record a baseline Gaussian trace 
after which an actual firing occurred and the beam profile 
was recorded once again. The two traces were then compared. 
The exhaust beam traces are shown in Figure 4.1. The 
temperature and density gradient effects in the exhaust 


were observed to be minor. The motor beam traces during 


SZ 


initial testing are depicted in Figure 4.2. The beam was 
not recorded on the diode array during the test. This result 
Will be discussed in the section entitled Motor Laser Beam 
Eno Dem ; 

Two particle sizes, 5.1 microns and 0.8 microns, were 
used in the second half of the calibration. The scattering 
apparatus was set with the photodiode arrays lowered one 
centimeter below the optical centerline. This measured the 
scattering angles between 1 and 4 degrees as per Figure 3.10. 
The 5.1 micron particles were suspended ina solution of 
distilled water and the light scattering profiles in both 
beam paths were recorded (Figure 4.3 and 4.4). The D325 was 
measured to be 5.1 microns through the motor and 5.4 microns 
for the exhaust beam, in excellent agreement with the particle 
Nanweaceurer’'s "data. Followang this, a solution of 0.8 micron 
particles was measured using the same procedures. The results, 
Figures 4.5 and 4.6, showed no correlation and demonstrated 
the problem of trying to measure particles less than approxi- 
mately 3 microns using the present optical components and 
positions. The 5.1 micron particles diffracted light such 
that 46% of the scattered light in the forward lobe was 
measured by the system. The 0.8 micron particles diffracted 
light at larger angles, such that only 9% of the light scattered 
in the forward lobe was measured by the system (see Figure 4.7). 
This means that the concentration of small particles, less 
than approximately 3 microns, must be very high in order to 


develop enough scattered light to be measured. 


33 


The final phase of the calibration tested the system's 
response to a bimodal distribution which would be typical in 
the solid propellant rocket motor exhaust. The 5 micron 
particles were mixed with the 0.8 micron particles ina 
ratio of roughly 1:25. In both beams, Figures 4.8 and 4.9, 


the D came out to be essentially the diameter of the large 


32 
particles. The larger particles scattered much more measurable 
light and dominated the scattering profile, even though 
there were far fewer large particles in the mixture. Of 
course, D.. is also dominated by the larger particles in the 
distribucien. 

The calibration was successful in determining particle 
Sizes larger than 5 microns. Difficulty could be expected 
in trying to measure particles smaller than three microns. 


The calibration reconfirmed that D3. is heavily weighted 


towards measurement of large particles in a polydispersion. 


B. MOTOR LASER BEAM PROBLEM 

The motor optical bench presented its own unigue char- 
acteristics which made motor beam alignment an important 
consideration. They were: (1) the motor beam had to travel 
through the center of both windows without refraction, (2) 
Slight angular displacements were magnified as the light 
passed through the motor windows, (3) the windows caused 
undesirable multiple reflections, (4) the cantilever arrange- 


ment of the motor optical bench was very sensitive to vibrations. 
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The motor laser system was carefully aligned. After 
alignment, motor firings for particle measurement were con- 
ducted using the X-55 propellant. These firings typically 
reached a peak pressure of 300 psi with no steady state 
Chamber pressure. Particle injection consistently indicated 
approximately 20 micron particles in the motor. This was 
true even when the particle feeder became clogged with moisture 
and particle fall was questionable. Several firings were made 
without particle injection. These results are depicted in 
Figures 4.10 and 4.11. These graphs display the 20 micron 
slope, diode saturation at the smaller angles, and an unsteady 
behavior which included some "zero" traces. The "zero" 
traces indicated that on some of the scans of the diode array 
no scattered light was received, as expected with no particles 
present. This contrasted sharply with other traces during the 
same run in which the diode array was saturated with maximum 
voltage toward the upper portion of the array. 

A check was made of the X-55 propellant to see if there 
might be particulate matter in the propellant which could 
result in this behavior. Scanning electron microscope photo- 
graphs were taken (Figure 4.12) but the results were incon- 
Clusive. A small number of 20 micron particles were found. 
Their composition was unknown, but it seemed unlikely that 
the small number of 20 micron particles found could be 


responsible for the motor laser problem. 
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The next check made was to determine if the rocket 
combustion was generating any light at .6328 microns. Firing 
the motor with the laser off produced no light on the diode 
array indicating there was no combustion light at .6328 
Nuke WOM. 

The vibration sensitivity of the motor laser was then 
suspected. The various components of the system were tapped 
and vibrated while watching the diode trace on an oscilloscope, 
but the trace remained relatively steady even under some heavy 
tapp ings 

Other possible sources for the motor laser beam problem 
were window movement under pressure, nitrogen purge (for the 
windows), and motor temperature gradient effects. Window 
movement was checked by capping the nozzle and pressurizing 
the motor to 250 psi. This had a negligible effect on the 
diode trace. The nitrogen purge for the windows had no effect 
on the trace when used without a motor firing. Density 
gradients created during a firing, however, could be a problem. 
Finally, a torch was placed in the motor to study temperature 
effects. The nitrogen purge was turned on and off to look 
at the effects of the interaction of the hot and cool gases. 
In all cases the temperature gradients caused only a minor 
fluctuation in the diode trace. 

The beam spread tests conducted during calibration were 
of particular importance. The motor beam Gaussian disappeared 


completely from the diode array during the motor firing. A 
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large (0.5 inch diameter) active area photodiode was used 
to measure transmittance and showed that approximately 60% 
of the light was transmitted through the test section. 

Attempts to stabilize the beam were initiated with the 
senor wa cpatral friter and collimating lens. It proved to 
be extremely difficult to place a spatial filter anda 
collimating lens in the beam path prior to the test section. 
Their use resulted in small angular displacements from one 
optical piece to the next, which were magnified through the 
test section. This problem was overcome by building a one- 
piece spatial filter and collimating lens. The lens was 
affixed to the front of the spatial filter. This arrangement 
proved to be very effective in stabilizing the beam. An 
added benefit from the filter and lens was the doubling of 
the diameter of the beam to 0.1 inches. If beam alignment 
with the diode array was a problem, then a broader beam would 
help alleviate it. A subsequent beam spread test produced 
the surprising result that the motor beam still disappeared 
from the diode array during motor firing. 

The next test performed on the system was a cold flow 
check. High pressure nitrogen was injected into the top of 
the motor and allowed to flow out the nozzle, simulating an 
actual firing. The pressure was brought rapidly up to 300 
psi. During the test the diode trace on the oscilloscope 
disappeared while the pressure was building in the motor. 


While the pressure was a constant 300 psi the trace returned 
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to normal. When the pressure returned rapidly to zero the 
trace disappeared again. The source of the problem had 
finally been identified. Transient pressure gradients in 

the motor during pressure rise were causing the beam to bend 
downward. Transient pressure gradients in the motor during 
pressure fall-off were causing the beam to bend upward. This 
phenomenon explained both the beam disappearance from the 
diode array in the beam spread test and the random, high 
intensity signals recorded at larger scattering angles. The 
beam disappeared from the diode in the beam spread test 
because the motor data was taken during the pressure rise in 
the motor and, therefore, the beam displaced down and off the 
diode array (Figure 4.13). 

In a similar fashion, the scattered light measurement 
problem was caused by the beam being bent below the beam 
stop. The high intensity light then saturated the top of 
the diode. The 20 micron slope (Figure 4.11) was just the 
tail-off of the laser Gaussian on the array. The unsteadiness 
of the traces was probably caused by small pressure fluctua- 
tions. The zero traces that occurred during some of the runs 
resulted when the beam had risen back above the edge of the 
beam stop. 

The beam spread test was performed again to test the 
transient pressure gradient hypothesis. The decision was 
made to attempt a neutral burn, during which the chamber 


pressure would be constant. The throat diameter of the nozzle 
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was increased to 0.25 inches to drop the pressure to approxi- 
mately 50 psi, which would yield a 5-second neutral burn. 

The beam stop was moved to its lowest possible position. 

The motor traces from this test are recorded in Figures 4.14 
and 4.15. The position of the Gaussian did not shift, however, 
there was significant attenuation (98%). This attenuation 

may have been caused by the presence of smoke in the combustion 
chamber. The possibility also exists that the attenuation 
could still be caused by the beam moving off the array due 

to pressure and/or thermal gradients. The use of ring diode 


arrays would significantly reduce this problem. 


C. MOTOR FIRING DATA 
Pao eeta blazed Propellant 

Metallized propellant was fired in the motor at low 
pressure, 50 psi, in order to take data during the plateau 
Postion on the burn. Attempts to modify the data acquisition 
system to take data at low pressure proved to be difficult. 
The BKNO , igniter introduced a pressure spike which sometimes 
caused the data to be taken before the propellant began to 
burn. To overcome this problem, data acquisition was initiated 
manually by throwing a switch when the pressure in the motor 
was heard. This generally resulted in the data being taken 
too late in the run. 

Insufficient time remained to resolve all the diffi- 
pubelcos wm tine: procedure ©f taking data during the plateau 
portion of the burn may be a partial solution to the motor 


laser beam problem. 
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2. Particle Inyjeceron 


The nitrogen activated particle injection system 
was built and tested. In nonburning tests the injection 
system produced a steady mist of 15 micron aluminum particles 
through the combustion chamber for a period of approximately 
6 seconds. During an actual firing at low pressure the 
particles again successfully passed from the hopper through 
the motor. The nitrogen particle injection system showed 
promise of being able to solve the earlier problem of combus- 


tion moisture clogging the particle feeder. 
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Exhaust Beam Spread Test 


Figure 4.1 
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Figure 4.2 Motor Beam Spread Test 


42 


Gia) cere! 


: WN , iw : CJ . WS : WG) ; 
WS J) WJ C51 WS -S WS) G) CJ) MN 
NI CSI 0} CJ] CH CJ] Ts U1 — GO (J) 


tai 
g900° ~~] 

| 
eile . 
S188" 


ST lC\oiame | 1a 





7 





42400" 

~ 

—1pGB0" “PD 

SUOUSI}] [T'G sazyawelg ues —{2900" * 
—19 200" 
—8 780" 


SL dri SS ALISNALNI 
ee lot) oh al Ve 


Motor Calibration with 5.1 Micron Spheres 
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Figure 4.4 Exhaust Calibration with 5.1 Micron Spheres 
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Figure 4.5 Motor Calibration with 0.8 Micron Spheres 
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SCATTERED LIGHT VS. DIAMETER 


Figure 4.7 
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Graph of Scattered Light vs. Particle Diameter 
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Figure 4.8 Motor Calibration with Bimodal Distribution 
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Figure 4.9 Exhaust Calibration with Bimodal Distribution 
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Figure 4.11 Motor Laser Traces without Particle Injection 
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Figure 4.13 Motor Beam Transient Pressure 


Gradient Effect during Beam Spread Test 
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Figure 4.14 Motor Beam Spread Test at Low Pressure 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Beam wander problems with the motor cavity optical path 
hampered this investigation. Through a process of elimina- 
tion it was determined that transient pressure gradients 
during pressure rise in the motor were bending the beam down 
several millimeters. This problem may be overcome by taking 
data during the plateau portion of the propellant burn vice 
taking data during the pressure rise. Another possible 
solution might be to raise the array one centimeter above the 
optical centerline vice dropping it one centimeter. Then 
the deflected beam would not saturate the array. Perhaps the 
best solution would be to use a different measuring apparatus 
for the motor, one in which all of the scattered light would 
be received on a two-dimensional circular array. The beam 
Fluctuations could then be averaged out. 

The modified nitrogen particle injection system showed 


promise for solving the clogged particle feeder problem. 
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